New nematicides named fumiquinones A (1) and B (2), together with spinulosin (3), LL-S490 (4), and pseurotin A (5), were isolated from Aspergillus fumigatus and their structures were established by spectroscopic methods including 2D-NMR. Compound 1 showed effective nematicidal activities against Bursaphelenchus xylophilus and Pratylenchus penetrans without inhibiting plant growth except for lettuce seedlings. Compound 2 showed effective nematicidal activity against B. xylophilus, but had no inhibitory activity against P. penetrans. Compounds 3-5 showed effective nematicidal activities against B. xylophilus without any plant growth inhibition. Compounds 1-5 had no nematicidal activity against Caenorhabditis elegans. This is the first report of the nematicidal activities of compounds 3-5.
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We have previously investigated such fungal metabolites as aspyrone, 1) peniprequinolone, 2) -dehydrocurvularin, 3) and penipratynolene 4) for their potential as nematicides against the root-lesion nematode, Pratylenchus penetrans, which is a parasite of many crop plants and causes root necrosis. 5, 6) Japanese black pine (Pinus thunbergii Parl.) and Japanese red pine (P. densiflora Sieb. et Zucc.), the dominant species in Japan, have the highest susceptibility to pine wilt disease caused by the pine wood nematode, Bursaphelenchus xylophilus. 7, 8) Plant-parasitic nematodes cause crop losses that have been estimated to be 9% of the world's crop yield each year. Conventional control methods are currently based on the use of low-specific biocidal compounds acting as nerve poisons, like carbamates, halogenated organic compounds. Some of those compounds cause global environmental problems. Methyl bromide has a destructive effect on the ozone layer, and its production is being restricted. 9) Since it is necessary to develop effective nematicides with low risk to humans and wildlife, we have focused our attention on new nematicides from fungal metabolites that are valuable natural resources for agrochemical development, and we found the presence of the regulators in a culture filtrate of Aspergillus fumigatus. Our investigation of metabolites of this fungus has now led to the isolation of two novel active compounds, fumiquinones A (1) and B (2), together with spinulosin (3), [10] [11] [12] LL-S490 (4), 13) and pseurotin A (5). 14, 15) The present paper describes the production, isolation, structural determination, and biological activities of 1-5.
Materials and Methods
General. Melting point (mp) data were determined with Yanagimoto micro-melting point apparatus and are uncorrected. Optical rotation data were determined with a Horiba SEPA-200 polarimeter. UV spectra were recorded with a Shimadzu UV-2200 spectrophotometer, and IR spectra with a Jasco FT IR-7000 spectrometer. The 1 H-and 13 C-NMR spectra were recorded with a Jeol JNM-GX 500 NMR spectrometer at 500 MHz and 125 MHz, respectively. Chemical shifts are expressed in values with solvents as internal standards. HREIMS data were obtained with a Jeol JMS-SX 102 mass spectrometer, and FABMS data with a Jeol JMX-D 300 spectrometer. Silica gel (Wako Pure Chemical Industries, 75-150 mm) was used for column chromatography, and precoated silica gel plates (Merck; Kieselgel 60 F254, 0.2 mm) were used for preparative TLC. Extraction and isolation. The culture filtrate, after filtering the culture broth (20 liter), was adjusted to pH 2.0 with a 2 M HCl aqueous solution and extracted twice with EtOAc. The combined solvents were partitioned twice with a saturated NaHCO 3 aqueous solution. The EtOAc-soluble neutral phases were combined and concentrated in vacuo. The NaHCO 3 phases were combined and adjusted to pH 2.0 with a 2 M HCl aqueous solution. The acidic solution was extracted twice with EtOAc, and the EtOAc-soluble acidic phases were combined and concentrated in vacuo. The resulting acidic residue (7.5 g) was first fractionated by column chromatography on silica gel (n-hexane/EtOAc). The fraction (1855 mg) obtained by eluting with 40% EtOAc was fractionated by column chromatography on silica gel (n-hexane/EtOAc). The fraction (195 mg) obtained by eluting with 25% EtOAc was purified by preparative TLC (benzene/EtOAc, 9:1, v/v). The active fraction (42 mg) was further purified by preparative TLC (CHCl 3 /EtOAc, 85:15, v/v) to afford 11.3 mg of 1 and 6.9 mg of 2. The first-column fraction (2758 mg) obtained by eluting with 50% EtOAc was fractionated by column chromatography on silica gel (CHCl 3 /EtOAc). The fraction (448 mg) obtained by eluting with 30% EtOAc was further fractionated by column chromatography on silica gel (benzene/EtOAc). The active fraction (168 mg) obtained by eluting with 25% EtOAc was purified by preparative TLC (CHCl 3 /EtOAc, 9:1, v/v) to afford 47.2 mg of 3.
The resulting neutral residue (2.0 g) was first fractionated by column chromatography on silica gel (nhexane/EtOAc). The fraction (306 mg) obtained by eluting with 50% EtOAc was fractionated by column chromatography on silica gel (CHCl 3 /EtOAc), and the fraction (108 mg) obtained by eluting with Table 1 Table 1 for the 1 H-and 13 C-NMR spectral data. LL-S490 (4) and pseurotin A (5). The spectroscopic data for 4 and 5 have been previously reported. [13] [14] [15] Bioassay for nematicidal activity. Nematicidal activity was measured in microwell plates with the rootlesion nematode, Pratylenchus penetrans, the pine wood nematode, Bursaphelenchus xylophilus, and worms of the free-living nematode, Caenorhabditis elegans, according to the method of Kusano et al.
2) P. penetrans was cultured for about 2 weeks on a slant of alfalfa grown in the Krusberg medium. The cultured nematodes were separated from the callus by the Baermann funnel technique and counted under a microscope. B. xylophilus was cultured for about 2 weeks on a slant of Botrytis cinerea grown in a potato-dextrose agar medium. An aqueous suspension containing a definite number of each nematode (about 2000 nematodes/ml) was prepared by dilution. C. elegans was cultivated on agar plates according to the method of Wood.
16) A suspension of adults and L4 larvae (more than 90%) from the 4-dayold culture was diluted with an M9 buffer to a solution containing a definite number of nematodes (about 2000 nematodes/ml) for the assay. The test compounds and extracts were each dissolved in methanol and added to the nematode suspension (up to 3% volume of the suspension). The nematode suspension thus prepared was transferred to 24-well plates with the wells containing a definite amount of the test compound. After the plates had been kept at 24 C for 3 days, the nematodes in the wells were counted under a microscope. The nematicidal activity is expressed as mortality (%) = (B À A)/B Â 100, where A is the number of nematodes still alive after being treated with a test compound, and B is the number of nematodes alive in the control wells (3% methanol in distilled water).
Bioassay for the growth of plant seedlings. Radish (Raphanus sativus Linn cv. Sakuranbo), carrot (Daucus carota cv. Benikoshigosun), and lettuce (Lactuca sativa cv. Kingcisco) seeds were purchased from Takii Nursery and sown in Petri dishes (150 Â 25 mm) each lined with a filter paper containing deionized water. After one day for the radish and lettuce seeds and 5 days for the carrot seeds under continuous light (100 mE/m 2 sec) at 24 C, seven radish seedlings and twelve carrot and lettuce seedlings were selected for uniformity (radicles of 2 mm) and transferred into mini-Petri dishes (35 Â 15 mm) each lined with filter paper containing 1 ml of deionized water and a defined amount of the test compound. The Petri dishes were kept at 24 C for 4 days for the radish and lettuce seedlings and for 7 days for the carrot seedlings under continuous light (100 mE/ m 2 sec). The growth of the radish, carrot, and lettuce seedlings treated with each compound was measured, and the mean values of the length were compared with an untreated control. Triplicate experiments were conducted. 17) Pine seeds (Pinus densiflora Sieb. et Zucc) were rinsed overnight under running water, and transferred to a Petri dish (150 Â 25 mm) containing deionized water. After 7 days under continuous light (100 mE/m 2 sec) at 24 C, seven seedlings were selected for uniformity (radicles of 3 mm) and transferred into test tubes (23 Â 140 mm) each containing 1 ml of deionized water and a defined amount of the test compound. Rice seeds (Oryza sativa L. cv. Nihonbare) were sterilized with 75% ethanol for 30 sec, immersed in a sodium hypochlorite solution (antiformin) for 2 h, rinsed under running water for 3 h, and transferred to a Petri dish (150 Â 25 mm) containing deionized water. After 3 days under continuous light (100 mE/m 2 sec) at 30 C, seven seedlings were selected for uniformity (radicles of 2 mm) and transferred into test tubes (23 Â 140 mm) each containing 1 ml of deionized water and a defined amount of the test compound. The test tubes were sealed with polyethylene film and incubated for 7 days under continuous light (100 mE/m 2 sec) at 24 C for the pine seedlings and at 30 C for the rice seedlings. The growth of the pine and rice seedlings treated with each compound was measured, and the mean values of the length were compared with an untreated control. Triplicate experiments were conducted.
17)

Results and Discussion
Structural elucidation
The EtOAc-soluble acidic fraction (7.5 g) and neutral fraction (2.0 g) from the culture filtrate of A. fumigatus were purified by silica gel column chromatography and preparative TLC to afford 1-5 (Fig. 1) .
Compound 1 was obtained as a yellow powder. The molecular formula of 1 was established as C 12 13 C-NMR spectra indicated the presence of two methyl carbons, an aliphatic methylene carbon, a methoxy carbon, and an oxygenated aliphatic methylene carbon (Table 1 ). An IR band at 3260 cm À1 and the remaining atoms from the molecular formula indicated the presence of a hydroxyl group. The 1 H-NMR spectrum indicated the presence of an oxygenated aliphatic ethylene system by the coupling constant between H-7 and H-8 (J ¼ 6:4 Hz). In the PFG-HMBC spectrum (Fig. 2) , one ester carbon at 170.8 was correlated with the methyl and oxygenated methylene protons at 1.99 and 4.17, and the methylene proton was also correlated with one sp 2 carbon at 140.0. Another methylene proton at 2.85 was correlated with the same sp 2 carbon at 140.0, together with the carbonyl carbon at 183.0. Another methyl proton at 2.09 was correlated with a sp 2 carbon at 139.4, together with another carbonyl carbon at 184.6. Further confirmation of correlation by the NOESY experimental data (Fig. 2) from the methoxy proton at 4.09 to the oxygenated methylene proton and from the methyl proton at 1.99 to another methyl proton at 2.09 revealed the structure of 1 to be 2-acetoxyethyl-5-hydroxy-6-methoxy-3-methyl-1,4-benzoquinone.
Compound 2 was obtained as purple crystals. The molecular formula of 2 was established as C 8 H 8 O 5 by comparing its 1 H-and 13 C-NMR and MS data with those of compound 3. The UV, IR, and 1 H-and 13 C-NMR spectra of 2 revealed a close relationship to 3 ( Table 1) . The IR absorption band at 1678 cm À1 and four sp 2 carbons and two carbonyl signals at 175.8 and 182.2 in the 13 C-NMR spectrum indicated the presence of a quinone ring. The 1 H-and 13 C-NMR spectra indicated the presence of one methyl and one methoxy carbon. An IR band at 3387 cm À1 and the remaining atoms from the molecular formula indicated the presence of two hydroxyl groups. In the PFG-HMBC spectrum (Fig. 2) , the methyl proton at 2.18 was correlated with one carbonyl carbon at 182.2, together with three sp 2 carbons at 137.7, 137.8 and 140.0. The methoxy proton was correlated with one sp 2 carbon at 137.7. No NOE between the methyl and methoxy protons and a comparison of the UV data with those of compounds 1 and 3 revealed the structure of 2 to be 3,5-dihydroxy-6-methoxy-2-methyl-1,4-benzoquinone.
Compounds 3-5 were identified as spinulosin, [10] [11] [12] LL-S490, 13) and pseurotin A, 14, 15) respectively, by comparing their physicochemical properties with those reported (Fig. 1) . This is the first report of the nematicidal activities and effects on plant growth of compounds 3-5. Pseurotin A is known as the monoamine oxidase inhibitor, 18) but there is no information about the bioactivity of spinulosin and LL-S490.
Nematicidal activities and effects on plant growth of the isolated compounds
The nematicidal activities of 1-5 were examined against B. xylophilus, P. penetrans, and C. elegans (Fig. 3) . 5-Hydroxymethyl-2-furoic acid from Aspergillus sp. and aspyrone from Aspergillus melleus were used as positive controls. 1, 19) Compounds 1-5 demonstrated nematicidal activities against B. xylophilus in proportion to their concentration from 3 mg/ml to 300 mg/ml. Compounds 1-5 had activities against B. xylophilus of 24%, 44%, 31%, 42%, and 40% of the control value at a concentration of 300 mg/ml, respectively. Compound 1 had nematicidal activity against P. penetrans of 54% of the control value at a concentration of 300 mg/ml, but 2-5 had hardly any effect on P. penetrans in the concentration range of 3-300 mg/ml. In contrast to their activities against plant-parasitic nematodes, 1-5 had no nematicidal activity against the free-living nematode, C. elegans, in the concentration range of 3-300 mg/ml.
The effects on plant growth of 1, 3, 4, and 5 were examined against radish, carrot, pine, rice and lettuce seedlings, but 2 could not be examined with plants because of its low yield. Compound 1 acting as a nematicide against P. penetrans did not show any inhibitory effect on the growth of radish and carrot seedlings in the concentration range of 3-300 mg/ml. Compounds 4 and 5 acting as nematicides against B. xylophilus had no inhibitory activity against the growth of pine seedlings, and 5 elongated the root growth to 159% of the control length at a concentration of 300 mg/ml. Compound 1 inhibited the growth of lettuce seedlings at a concentration of 300 mg/ml, but 3 and 4 promoted the root growth of lettuce seedlings at the same concentration. Compounds 1, 3, 4, and 5 had no inhibitory effect against the growth of rice seedlings in the concentration range of 3-300 mg/ml. Compound 1 showed effective nematicidal activities against B. xylophilus and P. penetrans without any inhibitory activity toward the growth of rice, radish, and carrot seedlings, but 1 did not show any effective nematicidal activity against C. elegans. Compounds 3-5 showed effective nematicidal activities against B. xylophilus without any inhibitory activity toward the growth of pine, lettuce, and rice seedlings, but they did not show any effective nematicidal activities against P. penetrans and C. elegans. Compound 2 showed effective nematicidal activity against B. xylophilus, but had no inhibitory activity against P. penetrans and C. elegans. The difference in nematicidal activities of 1-5 against the three test nematodes should be attributable to the chemical composition and permeability to water of their cuticles. 20, 21) Furthermore, ubiquinone, a 1,4-benzoquinone, functions as an electron transporter and scavenger of free radicals in biomembranes. A deficiency in the amount of an ubiquinone is known to result in malfunctioning of the organism. In addition, the process of hardening of the nematode cuticle can be induced by the addition of benzoquinone. 21, 22) Those findings suggest that the presence of a 1,4-benzoquinone ring in the molecule of 1-3 may play an important role in the nematicidal activity. Compound 1 may be useful nematicide against P. penetrans together with aspyrone. 1) Compounds 2-5 might be lead compounds for useful nematicides against B. xylophilus which has not been known until now. Each value is presented as the mean AE SE (n ¼ 3). 5-Hydroxymethyl-2-furoic acid is abbreviated to 5-HMF.
